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Method and apparatus for cooling with coolant at a subambient pressure 



(57) An apparatus (10) includes heat-generating 
structure (12) disposed in an environment having an 
ambient pressure, and a cooling system for removing 
heat (21,22) from the heat-generating structure (12). 
The cooling system includes a fluid coolant, structure 
which reduces a pressure of the coolant to a subambient 
pressure at which the coolant has a boiling temperature 
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less than atemperature of the heat-generating structure 
(1 2); and structure which directs a flow of the liquid cool- 
ant at the subambient pressure so that it is brought into 
thermal communication with the heat-generating struc- 
ture (12), the coolant then absorbing heat and changing 
to a vapor. 

To be accompanied, when published, by Figure 1 
of the drawings. 
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Description 

TECHNICAL FIELD OF THE INVENTION 

[0001] This invention relates in general to cooling 
techniques and, more particularly, to a method and ap- 
paratus for cooling a system which generates a substan- 
tial amount of heat. 

BACKGROUND OF THE INVENTION 

[0002] Some types of electronic circuits use relatively 
little power, and produce little heat. Circuits of this type 
can usually be cooled satisfactorily through a passive 
approach, such as convection cooling. In contrast, there 
are other circuits which consume large amounts of pow- 
er, and produce large amounts of heat. One example is 
the circuitry used in a phased array antenna system. 
[0003] More specifically, a modern phased array an- 
tenna system can easily produce 25 to 30 kilowatts of 
heat, or even more. One known approach for cooling 
this circuitry is to incorporate a refrigeration unit into the 
antenna system. However, suitable refrigeration units 
are large, heavy, and consume many kilowatts of power 
in orderto provide adequate cooling. For example, atyp- 
ical refrigeration unit may weigh about 200 pounds, and 
may consume about 25 to 30 kilowatts of power in order 
to provide about 25 to 30 kilowatts of cooling. Although 
refrigeration units of this type have been generally ade- 
quate for their intended purposes, they have not been 
satisfactory in all respects. 

[0004] In this regard, the size, weight and power con- 
sumption characteristics of these known refrigeration 
systems are all significantly larger than desirable for an 
apparatus such as a phased array antenna system. And 
given that there is an industry trend toward even greater 
power consumption and heat dissipation in phased ar- 
ray antenna systems, continued use of refrigeration- 
based cooling systems would involve refrigeration sys- 
tems with even greater size, weight and power con- 
sumption, which is undesirable. 

SUMMARY OF THE INVENTION 

[0005] From the foregoing, it may be appreciated that 
a need has arisen for a method and apparatus for effi- 
ciently cooling arrangements that generate substantial 
heat. According to the present invention, a method and 
apparatus are provided to address this need, and in- 
volve cooling of heat-generating structure disposed in 
an environment having an ambient pressure by: provid- 
ing a fluid coolant; reducing a pressure of the coolant to 
a subambient pressure at which the coolant has a boil- 
ing temperature less than a temperature of the heat- 
generating structure; and bringing the coolant at the 
subambient pressure into thermal communication with 
the heat-generating structure, so that the coolant boils 
and vaporizes to thereby absorb heat from the heat-gen- 



erating structure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

5 [0006] Abetter understanding of the present invention 
will be realized from the detailed description which fol- 
lows, taken in conjunction with the accompanying draw- 
ings, in which: 

FIGURE 1 is a block diagram of an apparatus which 
includes a phased array antenna system and an as- 
sociated cooling arrangement that embodies as- 
pects of the present invention; 

FIGURE 2 is a block diagram similar to FIGURE 1 , 
but showing an apparatus which is an alternative 
embodiment of the apparatus of FIGURE 1 ; and 

FIGURE 3 is a block diagram similar to FIGURE 1 , 
but showing an apparatus which is yet another al- 
ternative embodiment of the apparatus of FIGURE 

1. 

DETAILED DESCRIPTION OF THE INVENTION 

[0007] FIGURE 1 is a block diagram of an apparatus 
10 which includes a phased array antenna system 12. 
The antenna system 12 includes a plurality of identical 
modular parts that are commonly known as slats, two of 
which are depicted at 1 6 and 17. A feature of the present 
invention involves techniques for cooling the slats 16 
and 17, so as to remove heat generated by electronic 
circuitry therein. 

[0008] The electronic circuitry within the antenna sys- 
tem 12 has a known configuration, and is therefore not 
illustrated and described here in detail. Instead, the cir- 
cuitry is described only briefly here, to an extent which 
facilitates an understanding of the present invention. In 
particular, the antenna system 1 2 includes a two-dimen- 
sional array of not-illustrated antenna elements, each 
column of the antenna elements being provided on a 
respective one of the slats, including the slats 1 6 and 
17. Each slat includes separate and not-illustrated 
transmit/receive circuitry for each antenna element. It is 
the transmit/receive circuitry which generates most of 
the heat that needs to be withdrawn from the slats. The 
heat generated by the transmit/receive circuitry is 
shown diagrammatically in FIGURE 1, for example by 
the arrows at 21 and 22. 

[0009] Each of the slats is configured so that the heat 
it generates is transferred to a tube 23 or 24 extending 
through that slat. Alternatively, the tube 23 or 24 could 
be a channel or passageway extending through the slat, 
instead of a physically separate tube. A fluid coolant 
flows through each of the tubes 23 and 24. As discussed 
later, this fluid coolant is a two-phase coolant, which en- 
ters the slat in liquid form. Absorption of heat from the 
slat causes part or all of the liquid coolant to boil and 
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vaporize, such that some or all of the coolant leaving the 
slats 1 6 and 1 7 is in its vapor phase. This departing cool- 
ant then flows successively through a heat exchanger 

41, an expansion reservoir 42, an air trap 43, a pump 
46, and a respective one of two orifices 47 and 48, in 5 
order to again to reach the inlet ends of the tubes 23 
and 24. The pump 46 causes the coolant to circulate 
around the endless loop shown in FIGURE 1 . In the em- 
bodiment of FIGURE 1, the pump 46 consumes only 
about 0.5 kilowatts to 2.0 kilowatts of power. 
[0010] The orifices 47 and 48 facilitate proper parti- 
tioning of the coolant among the respective slats, and 
also help to create a large pressure drop between the 
output of the pump 46 and the tubes 23 and 24 in which 
the coolant vaporizes. It is possible for the orifices 47 
and 48 to have the same size, or to have different sizes 
in order to partition the coolant in a proportional manner 
which facilitates a desired cooling profile. 
[0011] Ambient air 56 is caused to flow through the 
heat exchanger 41 , for example by a not-illustrated fan 
of a known type. Alternatively, if the apparatus 10 was 
on a ship, the flow 56 could be ambient seawater. The 
heat exchanger 41 transfers heat from the coolant to the 
air flow 56. The heat exchanger 41 thus cools the cool- 
ant, thereby causing any portion of the coolant which is 
in the vapor phase to condense back into its liquid 
phase. 

[0012] The liquid coolant exiting the heat exchanger 
41 is supplied to the expansion reservoir42. Since fluids 
typically take up more volume in their vapor phase than 
in their liquid phase, the expansion reservoir 42 is pro- 
vided in order to take up the volume of liquid coolant that 
is displaced when some or all of the coolant in the sys- 
tem changes from its liquid phase to its vapor phase. 
The amount of the coolant which is in its vapor phase 
can vary over time, due in part to the fact that the amount 
of heat being produced by the antenna system 12 will 
vary over time, as the antenna system operates in var- 
ious operational modes. From the expansion reservoir 

42, liquid coolant flows to the air trap 43. 
[0013] Theoretically, the cooling loop shown in FIG- 
URE 1 should contain only coolant. As a practical mat- 
ter, however, external air may possibly leak into the cool- 
ing loop. When this occurs, air within the coolant circu- 
lates with the coolant, until it reaches the air trap 43. The 
air trap 43 collects and retains the air 
[0014] The air trap 43 is operationally coupled to a 
pressure controller 51, which is effectively a vacuum 
pump. In the portion of the cooling loop downstream of 
the orifices 47-48 and upstream of the pump 46, the 
pressure controller 51 maintains the coolant at a sub- 
ambient pressure, or in other words a pressure less than 
the ambient air pressure. Typically, the ambient air pres- 
sure will be that of atmospheric air, which at sea level is 
14.7 pounds per square inch area (psia). In the event 
that the air trap 43 happens to collect some air from the 
cooling loop, the pressure controller 51 can remove this 
air from the air trap in association with its task of main- 



taining the coolant at a subambient pressure. 
[0015] Turning now in more detail to the coolant, one 
highly efficient technique for removing heat from a sur- 
face is to boil and vaporize a liquid which is in contact 
with the surface. As the liquid vaporizes, ft inherently 
absorbs heat. The amount of heat that can be absorbed 
per unit volume of a liquid is commonly known as the 
latent heat of vaporization of the liquid. The higher the 
latent heat of vaporization, the larger the amount of heat 
that can be absorbed per unit volume of liquid being va- 
porized. 

[001 6] The coolant used in the disclosed embodiment 
of FIGURE 1 is water. Water absorbs a substantial 
amount of heat as it vaporizes, and thus has a very high 
latent heat of vaporization. However, water boils at a 
temperature of 100°C at atmospheric pressure of 14.7 
psia. In order to provide suitable cooling for an electronic 
apparatus such as the phased array antenna system 12, 
the coolant needs to boil at a temperature of approxi- 
mately 60°C. When water is subjected to a subambient 
pressure of about 3 psia, its the boiling temperature de- 
creases to approximately 60°C. Thus, in the embodi- 
ment of FIGURE 1, the orifices 47 and 48 permit the 
coolant pressure downstream from them to be substan- 
tially less than the coolant pressure between the pump 

46 and the orifices 47 and 48. The air trap 43 and the 
pressure controller 51 maintain the water coolant at a 
pressure of approximately 3 psia along the portion of the 
loop which extends from the orifices 47 and 48 to the 
pump 46, in particular through the tubes 23 and 24, the 
heat exchanger 41 , the expansion reservoir 42, and the 
air trap 43. 

[001 7] Water flowing from the pump 46 to the orifices 

47 and 48 has a temperature of approximately 65°C to 
70°C, and a pressure in the range of approximately 15 
psia to 100 psia. After passing through the orifices 47 
and 48, the water will still have a temperature of approx- 
imately 65°C to 70°C, but will have a much lower pres- 
sure, in the range about 2 psia to 8 psia. Due to this 
reduced pressure, some or all of the water will boil as it 
passes through and absorbs heat from the tubes 23 and 
24, and some or all of the water will thus vaporize. After 
exiting the slats, the water vapor (and any remaining liq- 
uid water) will still have the reduced pressure of about 
2 psia to 8 psia, but will have an increased temperature 
in the range of approximately 70°C to 75°C. 

[0018] When this subambient coolant water reaches 
the heat exchanger 41 , heat will be transferred from the 
water to the forced air flow 56. The air flow 56 has a 
temperature less than a specified maximum of 55°C, 
and typically has an ambient temperature below 40°C. 
As heat is removed from the water coolant, any portion 
of the water which is in its vapor phase will condense, 
such that all of the coolant water will be in liquid form 
when it exits the heat exchanger 41 . This liquid will have 
a temperature of approximately 65°C to 70° C, and will 
still be at the subambient pressure of approximately 2 
psia to 8 psia. This liquid coolant will then flow through 
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the expansion reservoir 42 and the air trap 43 to the 
pump 46. The pump will have the effect of increasing 
the pressure of the coolant water, to a value in the range 
of approximately 15 psiato 100 psia, as mentioned ear- 
lier. 

[0019] It will be noted that the embodiment of FIGURE 
1 operates without any refrigeration system. In the con- 
text of high -power electronic circuitry, such as that uti- 
lized in the phased array antenna system 12, the ab- 
sence of a refrigeration system can result in a very sig- 
nificant reduction in the size, weight, and power con- 
sumption of the structure provided to cool the antenna 
system. 

[0020] The system of FIGURE 1 is capable of cooling 
something from a temperature greater than that of am- 
bient air or seawater to a temperature closer to that of 
ambient air or seawater. However, in the absence of a 
refrigeration system, the system of FIGURE 1 cannot 
cool something to a temperature less than that of the 
ambient air or sea water. Thus, while the disclosed cool- 
ing system is very advantageous for certain applications 
such as cooling the phased array antenna system 
shown at 12 in FIGURE 1, it is not suitable for use in 
some other applications, such as the typical home or 
commercial air conditioning system that needs to be 
able to cool a room to a temperature less than the tem- 
perature of ambient air or water. 
[0021] As mentioned above, the coolant used in the 
embodiment of FIGURE 1 is water. However, it would 
alternatively be possible to use other coolants, including 
but not limited to methanol, a fluorinert, a mixture of wa- 
ter and methanol, or a mixture of water and ethylene 
glycol (WEGL). These alternative coolants each have a 
latent heat of vaporization less than that of water, which 
means that a larger volume of coolant must be flowing 
in order to obtain the same cooling effect that can be 
obtained with water. As one example, a fluorinert has a 
latent heat of vaporization which is typically about 5% 
of the latent heat of vaporization of water. Thus, in order 
for a fluorinert to achieve the same cooling effect as a 
given volume or flow rate of water, the volume or flow 
rate of the fluorinert would have to be approximately 20 
times the given volume or flow rate of water. 
[0022] Despite the fact that these alternative coolants 
have a lower latent heat of vaporization than water, there 
are some applications where use of one of these other 
coolants can be advantageous, depending on various 
factors, including the amount of heat which needs to be 
dissipated. As one example, in an application where a 
pure water coolant may be subjected to low tempera- 
tures that might cause it to freeze when not in use, a 
mixture of water and ethylene glycol could be a more 
suitable coolant than pure water, even though the mix- 
ture has a latent heat of vaporization lower than that of 
pure water. 

[0023] FIGURE 2 is a block diagram of an apparatus 
1 1 0 which is an alternative embodiment of the apparatus 
10 of FIGURE 1 . Except for certain specific differences 



discussed below, the apparatus 110 of FIGURE 2 is ef- 
fectively identical to the apparatus 1 0 of FIGURE 1 , and 
identical parts are identified with the same reference nu- 
merals. 

[0024] The apparatus 110 of FIGURE 2 is configured 
for use in an aircraft, such as a reconnaissance plane 
or a military fighter jet. The aircraft would have an envi- 
ronmental control unit (ECU) 113, and the ECU 113 
would include a refrigeration system of a known type, 
which is provided within the plane for other purposes, 
and which causes a known polyalphaolef in (PAO) refrig- 
erant to flow through a loop. In the embodiment of FIG- 
URE 1 , the heat exchanger 41 transfers heat to a forced 
flow of air 56. In the embodiment of FIGURE 2, a portion 
of the PAO refrigerant from the refrigeration system of 
the ECU 113 is routed to the heat exchanger 41. The 
heat exchanger 41 removes heat from the subambient 
water which cools the slat, and transfers this heat to the 
PAO refrigerant. 

[0025] FIGURE 3 is a block diagram of an apparatus 
21 0 which is yet another alternative embodiment of the 
apparatus 10 of FIGURE 1. Except for certain specific 
differences discussed below, the apparatus 210 of FIG- 
URE 3 is effectively identical to the apparatus 1 0 of FIG- 
URE 1 , and identical parts are identified with the same 
reference numerals. 

[0026] The apparatus 210 of FIGURE 3 includes a 
phased array antenna system 212 having a plurality of 
slats, two of which are shown at 216 and 217. The ap- 
paratus 210 of FIGURE 3 differs from the apparatus 10 
of FIGURE 1 in that the slats 21 6-21 7 of FIGURE 3 have 
an internal configuration which is different from the in- 
ternal configuration of the slats 1 6-1 7 of FIGURE 1 . 
[0027] More specifically, each of the slats in the an- 
tenna system 21 2 has a spray chamber, for example as 
shown diagrammatically at 21 8 and 21 9 for the slats 21 6 
and 21 7. One side of each spray chamber is defined by 
a surface 221 or 222, and heat 21-22 generated by the 
circuitry within the slats is supplied to the surface 221 
or222 of each slat for dissipation. Incoming coolant en- 
ters tubes 223 and 224, which each have therealong a 
plurality of orifices that are oriented to spray coolant onto 
the associated surface 221 or 222. The spray is shown 
diagrammatically in FIGURE 3, for example at 226 and 
227. 

[0028] When the coolant spray 226 and 227 contacts 
the associated surface 221 or 222, it absorbs heat and 
then boils, and some or all the coolant vaporizes. The 
resulting vapor, along with any remaining liquid coolant, 
then exits the spray chamber 21 8 or 21 9 through a re- 
spective outlet conduit 228 or 229. The pressure con- 
troller 51 ensures that coolant in the spray chambers 
21 8 and 21 9 is at a subambient pressure which reduces 
the boiling point of the coolant, in the same manner as 
described above for the embodiment of FIGURE 1 . 
[0029] Although the present invention has been dis- 
closed in the context of a phased array antenna system, 
it will be recognized that it can be utilized in a variety of 
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other contexts, including but not limited to a power con- 
verter assembly, or certain types of directed energy 
weapon (DEW) systems. 

[0030] The present invention provides a number of 
technical advantages. One such technical advantage is 
that, through the use of a two-phase coolant at a sub- 
ambient pressure, heat-generating structure such as a 
phased array antenna system can be efficiently cooled. 
A related advantage is that it is possible to effect cooling 
in this manner without any refrigeration system, thereby 
substantially reducing the weight, size and power con- 
sumption of the structure which effects cooling. In the 
context of a state-of-the-art phased array antenna sys- 
tem, the absence of a refrigeration system can reduce 
the system weight by approximately 200 pounds, and 
can reduce the system power consumption by 25 to 30 
kilowatts, or more. In the absence of a refrigeration sys- 
tem, power consumption for cooling is basically limited 
to the power which is supplied to the pump in order to 
circulate the coolant, and the pump consumes only 
about 0.5 kilowatts to 2.0 kilowatts. 
[0031] The cooling techniques according to the inven- 
tion are particularly advantageous in a phased array an- 
tenna system, due in part to the use of a two-phase cool- 
ant. In particular, it is desirable that all of the circuitry in 
a phased array antenna system operate at substantially 
the same temperature, because temperature variations 
or gradients across the array can introduce unwanted 
phase shifts into signal components that are being 
transmitted or received, which in turn degrades the ac- 
curacy of the antenna system. The maximum permissi- 
ble size for such temperature gradients decreases pro- 
gressively as the antenna is operated at progressively 
higher frequencies. 

[0032] In pre-existing systems, which use a single- 
phase coolant, temperature gradients are common, due 
in part to the fact that the coolant becomes progressively 
warmer as it moves across the array and absorbs pro- 
gressively more heat. In contrast, since the invention us- 
es a two-phase coolant that effects cooling primarily by 
virtue of the heat absorption which occurs as a result of 
coolant vaporization, and since vaporization occurs at 
a very precise and specific temperature for a given cool- 
ant pressure, the cooling effect is extremely uniform 
throughout the phased array antenna system, and is 
thus highly effective in minimizing temperature gradi- 
ents. 

[0033] Although selected embodiments have been il- 
lustrated and described in detail, it will be understood 
that various substitutions and alterations are possible 
without departing from spirit and scope of the present 
invention, as defined by the following claims. 



Claims 

1 . A method for cooling heat-generating structure (12; 
212) disposed in an environment having an ambient 



pressure, comprising the steps of: 

providing a fluid coolant; 

reducing a pressure of said coolant to a sub- 

5 ambient pressure at which said coolant has a 

boiling temperature less than a temperature of 
said heat-generating structure (12;212); and 
bringing said coolant at said subambient pres- 
sure into thermal communication with said 

10 heat-generating structure (1 2;21 2), so that said 

coolant boils and vaporizes to thereby absorb 
heat (21,22) from said heat-generating struc- 
ture (12;212). 

15 2. A method according to claim 1 , including the steps 
of: 

configuring said heat-generating structure (12) 
to include a passageway (23,24) having a sur- 
20 face which extends along a length of said pas- 

sageway (23,24); 

supplying the heat (21,22) generated by said 
heat generating structure (12) to said surface 
of said passageway (23,24) along the length 
25 thereof; and 

causing said portion of said coolant to flow 
through said passageway (23,24) and engage 
said surface. 

30 3. A method according to claim 1 , including the steps 
of: 

configuring said heat-generating structure 
(212) to include a chamber (21 8,21 9) having a 

35 surface (221,222); 

supplying the heat (21,22) generated by said 
heat generating structure (212) to said surface 
(221,222) of said chamber (218,219); and 
spraying said portion of said coolant onto said 

40 surface (221,222) within said chamber 

(218,219). 

4. A method according to any preceding claim, includ- 
ing the step of selecting for use as said coolant one 

45 of water, methanol, a fluorinert, and a mixture of wa- 
ter and ethylene glycol. 

5. A method according to any preceding claim, 

including the step of configuring said heat- 
so generating structure (12;212) to include a plurality 
of sections (16,17;216,217) which each generate 
heat (21 ,22); and 

wherein said step of bringing said coolant into 
thermal communication with said heat-generating 
55 structure (12;212) includes the step of bringing re- 
spective portions of said coolant into thermal com- 
munication with respective said sections (16,17; 
216,217) of said heat-generating structure (12; 



9 



EP 1 380 799 A2 



10 



212). 

6. A method according to claim 5, including the steps 
of: 

providing a plurality of orifices (47,48); and 
causing each said portion of said coolant to 
pass through a respective said orifice (47,48) 
before being brought into thermal communica- 
tion with a respective said section (16,17; 
216,21 7) of said heat-generating structure (12; 
212). 

7. A method according to claim 6, including the step 
of configuring said orifices (47,48) to have respec- 
tive different sizes in order to cause said portions of 
said coolant to have respective different volumetric 
flow rates. 

8. A method according to any preceding claim, includ- 
ing the step of circulating said coolant through a flow 
loop while maintaining the pressure of said coolant 
within a range having an upper bound less than said 
ambient pressure. 

9. A method according to claim 8, including the step 
of configuring said loop to include a heat exchanger 
(41) for removing heat from said coolant so as to 
condense said coolant to a liquid. 

10. A method according to claim 9, including the step 
of causing said heat exchanger (41 ) to transfer heat 
from said coolant to a further medium having an am- 
bient temperature which is less than said boiling 
temperature of said coolant at said subambient 
pressure. 

1 1 . A method according to claim 1 0, including the step 
of selecting for use as said medium one of ambient 
air, ambient water, and a cooling fluid of an aircraft 
cooling system. 

12. A method according to any one of claims 9 to 11 , 
including the step of configuring said loop to include 
a pump (46) or circulating said coolant through said 
loop. 

13. An apparatus (10;210), comprising heat-generating 
structure (12;212) disposed in an environment hav- 
ing an ambient pressure, and a cooling system for 
removing heat (21 ,22) from said heat-generating 
structure (12;212), said cooling system including: 

a fluid coolant; 

structure which reduces a pressure of said 
coolant to a subambient pressure at which said 
coolant has a boiling temperature less than a 
temperature of said heat-generating structure 



(12;212); and 

structure which directs a flow of said coolant in 
the form of a liquid at said subambient pressure 
in a manner causing said liquid coolant to be 

5 brought into thermal communication with said 

heat-generating structure (12;212), the heat 
(21,22) from said heat-generating structure 
(1 2;21 2) causing said liquid coolant to boil and 
vaporize, so that said coolant absorbs heat 

10 (21,22) from said heat-generating structure 

(12;212) as said coolant changes state. 

14. An apparatus (10) according to claim 13, 

wherein said heat-generating structure (12) 
15 includes a passageway (23,34) having a surface 
which extends along a length of said passageway 
(23,24); and 

wherein heat (21 ,22) generated by said heat 
generating structure (1 2) is supplied to said surface 
20 of said passageway (23,24) along the length of said 
surface, said portion of said coolant flowing through 
said passageway (23,24) and engaging said sur- 
face so as to absorb heat (21 ,22) from said surface. 

25 15. An apparatus (210) according to claim 13, 

wherein said heat-generating structure (212) 
includes a chamber (218,219) having a surface 
(221 ,222), and supplies the heat (21 ,22) generated 
by said heat generating structure (212) to said sur- 

30 face (221 ,222) in said chamber (218,219); and 

wherein said structure for directing a flow of 
said coolant is configured to spray said portion of 
said coolant onto said surface (221 ,222) within said 
chamber (218,219). 

35 

16. An apparatus (10;210) according to any one of 
claims 13 to 15, wherein said coolant is one of wa- 
ter, methanol, a fluorinert, and a mixture of water 
and ethylene glycol. 

40 

17. An apparatus (10;210) according to any one of 
claims 13 to 16, 

wherein said heat-generating structure (12; 
212) includes a plurality of sections (1 6,1 7;21 6,21 7) 
45 which each generate heat (21 ,22), and 

wherein said structure for directing the flow of 
said coolant brings respective portions of said cool- 
ant into thermal communication with respective said 
sections (16,17;216,217) of said heat-generating 
50 structure (12;212). 

18. An apparatus (10;210) according to claim 17, 
wherein said structure for directing the flow of said 
fluid includes a plurality of orifices (47,48) and caus- 

55 es each said portion of said coolant to pass through 
a respective said orifice (47,48) before being 
brought into thermal communication with a respec- 
tive said section of said heat-generating structure 
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(12;212). 

19. An apparatus (10;210) according to Claim 18, 
wherein said orifices (47,48) have respective differ- 
ent sizes in orderto cause said portions of said cool- 5 
ant to have respective different volumetric flow 
rates. 

20. An apparatus (10;210) according to any one of 
claims 1 3 to 1 9, wherein said structure which directs 10 
a flow of said coolant is configured to circulate said 
coolant through a flow loop while maintaining the 
pressure of said coolant within a range having an 
upper bound less than said ambient pressure. 



21. An apparatus (10;210) according to claim 20, in- 
cluding a heat exchanger (41) for removing heat 
from said coolant flowing through said loop so as to 
condense said coolant to a liquid. 



15 



20 



22. An apparatus (10;210) according to claim 21, 
wherein said heat exchanger (41) transfers heat 
from said coolant to a further medium having an am- 
bient temperature less than said boiling tempera- 
ture of said coolant at said subambient pressure. 25 

23. An apparatus (10;210) according to claim 22, 
wherein said medium is one of ambient air, ambient 
water, and a cooling fluid of an aircraft cooling sys- 
tem. 30 

24. An apparatus (10;210) according to any one of 
claims 21 to 23, wherein said structure which circu- 
lates said coolant through said loop includes a 
pump (46) which effects said circulation of said 35 
coolant. 



40 
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50 
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